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Abstract 
The recombination induced by soldering pads, screen printed with a commercially available paste containing 
primarily silver and an aluminium amount of 1-5 %wt, is investigated concerning the open-circuit voltage for 
aluminium back surface field (Al-BSF) solar cells. The saturation current density  Jo,pad due to soldering pads is found 
to be in the range of 26.7 103 to 85.4 103 fA/cm2 for different conditions of the rear  silicon surface. The 
recombination under soldering pads leads to a voltage drop of Voc = 6.7 mV for Al-BSF solar cells with 6.2 % of the 
rear side being covered with soldering pads compared to a cell with full-area Al-BSF. Within a microstructural 
analysis of the interface between the silicon surface and the soldering pads it is found that Al-alloying from the Al 
share in the soldering pad paste only occurs insularly. Furthermore, Al-BSF cells with and without residual rear side 
emitter and varying area fraction of soldering pads, using a soldering pad paste with and without an Al-share, are 
investigated. It is found that the non-overcompensated emitter regions under the soldering pads of Al-BSF solar cells 
affect cell performance dramatically in case of full area soldering pad, especially for an Al-free pad paste .  
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1. Introduction 
Since pure aluminium (Al) is not solderable by standard soldering techniques, soldering pads are 
integrated into the layout of the solar cells . Soldering pads are screen printed with special pastes 
containing a high amount of silver or exclusively silver to provide good soldering properties. While the 
formation of the highly Al-doped p+-region  formed at the rear by alloying of silicon and Al-pastes in a 
co-firing step and known as back-surface field (BSF)  has been the topic of extensive research [1-3], 
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soldering pads are only rarely addressed in experimental studies on microstructural and electrical 
open-circuit voltage in addition to the cost advantage due to the lower silver consumption [4]. 
In this work, we investigate the recombination induced by soldering pads which are screen printed with 
a commercially available paste containing an Al amount of 1-5 %wt. and determine the resulting losses in 
open-circuit voltage for Al-BSF cells. Furthermore , the interface between soldering pads and silicon is 
subjected to a microstructural analysis . Since the microstructural analysis  in section 3 points towards a 
partially insular Al-alloying, section 4 addresses the question how a residual rear-side emitter which is not 
or only partially over-compensated by Al-alloying under the soldering pads affects solar cell performance. 
Therefore, Al-BSF solar cells with and without residual rear-side emitter and varying area fraction of the 
soldering pads on the cells  rear side are produced. In order to investigate the effect of partial Al-alloying 
from the A l share in  the soldering pad paste, an Al-free soldering pad paste was used in addition to the 
soldering pad paste investigated in the experiment on recombination and microstructural properties with 
an Al share of 1-5 %wt. 
2. Recombination under soldering pads 
2.1.  Sample preparation 
The test samples for the recombination study have been processed on 10 cm p-type float zone silicon 
(FZ-Si) wafers with high bulk lifetimes to ensure that the total recombination of the test structure is only 
limited by surface recombination. The chosen test structure is asymmetric. The front side is masked with 
a thermal oxide, which acts as texture and d iffusion barrier. Hence, the front surface remains shiny etched 
and non-diffused, which enables optimum front surface passivation. On the rear side two d ifferent surface 
conditions are prepared, which are motivated in  the following . The rear side of Al-BSF cells is usually 
textured and d iffused with a parasitic  phosphorous emitter, in case of a processing sequence without 
chemical edge isolation. For our test samples , th is specific surface condition is prepared by an alkaline 
texture and subsequent tube furnace diffusion with POCl3. In order to investigate the influence of the 
phosphorous emitter and the texture-induced surface enlargement on the properties of the interface 
between silicon and soldering pad, a smooth surface without emitter diffusion is prepared by a simple saw 
damage etch. This surface condit ion will be referred  to as surface condition A  (SC A)  distinguishes itself 
from the textured surface with emitter, which will be referred to as surface condition B (SC B). 
After preparation of the rear surface conditions of the test samples, the oxide mask at the front side is 
removed and the front side is coated with a passivating SiN layer. Following this, both types of wafers 
(SC A and B) are divided into two groups  each, so that each group is represented by four test samples . 
Group 1 is screen printed with a full area soldering pad using a commercially available soldering pad 
paste containing primarily silver and an alumin ium amount of 1-5 % wt. In contrast to that, group 2 is 
screen printed full area with a commercially available Al-BSF paste in order to determine the saturation 
current density Jo,bsf of the highly Al-doped p+-region, which accounts for the larger area fraction of the 
solar cells rear side and thus reflects a desirable lower benchmark for the saturation current density under 
the soldering pads. 
Simulating the co-firing step used for the contact format ion of Al-BSF cells, the samples are fired in an 
industrial conveyor belt furnace. We adjusted the pre-set peak temperatures which  indiv idually  for wafers 
with d ifferent metallization, so that the same wafer temperatures are reached. In a last step, metal paste 
residuals and eutectic layers are removed in a solution of hydrochloride acid (HCl) or a solution of HCl 
and subsequent etching in a solution of nitric acid (HNO3) for wafers with Al paste or soldering pad paste, 
respectively.  
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In order to determine the saturation current densities Jo,bsf of the highly Al-doped p+-region and Jo,pad 
induced under soldering pads, quasi-steady state photoconductance (QSSPC) measurements are 
performed. For the analysis of the microstructural properties of the interface scanning electron 
microscopy (SEM) measurements are carried out. 
2.2. Determination of the saturation current density from QSSPC measurements 
The saturation current densities of the highly Al-doped p+-regions are extracted from QSSPC 
measurements according to a p rocedure described in  Refs . [5-8]. However, the method had to be adapted 
for the test samples screen printed with soldering pads  since high-level injection could not be reached in 
the QSSPC measurements  [6]  for those samples. Instead we are using the expression  
 
 
given by Sproul et al. [9] for the measured carrier lifet ime eff o f the samples. Eq. (1) is valid if the 
surface recombination velocity of one side, in  this case Srear, is dominating the surface recombination, that 
is Srear >> S front. Auger recombination in the bulk is accounted for in bulk by using the parametrization 
given by Kerr et al. [10], W denotes the sample thickness and Dn the minority carrier diffusion constant. 
Solving Eq. (1) for Srear and using this expression in  the general expression [11] for the saturation current 
density under low-level in jection ( n << NA) for the base doping density NA of the test samples, the 
saturation current density Jo,rear of the rear side of an asymmetrical sample (given Srear >> S front) can be 
written as 
 
with the elementary charge q and the intrinsic carrier concentration ni.  
Since the front side of the test samples is passivated with SiN yielding a surface recombination 
velocity of Sfront  14 cm/s, which has been measured on symmetrical passivation test samples which were 
processed in parallel as reference, the p rerequisite Spad >> SSiN for Eq . (1) and (2) is fulfilled and Jo,pad can 
be calculated with Eq. (2) from the measured lifetime under low-level injection.  
2.3. Saturation current density under soldering pads 
With the introduced procedures the saturation current densities Jo,rear for samples of surface conditions 
A (smooth without emitter) and B (textured with residual phosphorous emitter) were extracted from the 
QSSPC measurements and are shown in Fig.  1a for the full area A l-BSF and full area soldering pads. The 
saturation current density of the p+-region is almost unaffected by the investigated variations in the 
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surface conditions, since the difference between Jo,bsf = 298 fA/cm2 for SC A and Jo,bsf = 308 fA/cm2 for 
SC B lies within the standard deviation Jo,bsf = 19 fA/cm2 for the determined mean values . This indicates 
that the parasitic emitter has been completely  over-compensated, and the difference in  surface roughness, 
which may remain after alloying, does not affect the surface recombination velocity  of the Al-p+-reg ion. 
The effect of over-compensation of a phosphorous emitter is well-known and used in solar cell fabrication 
[12,13]. It has also been reported [8] that a phosphorous emitter has only minor effects on the saturation 
current density of the Al-doped p+-region, nevertheless Rauer et al. [8] reported a slightly reduced depth 
of the p+-region when being formed on top of a phosphorous emitter. 
The recombination induced by soldering pads Jo,pad exceeds Jo,bsf by a factor 90 to 280, reaching 
Jo,pad = 26.7 103 fA/cm2 for SC A and Jo,pad = 85.4 103 fA/cm2 for SC B. The increase in Jo,pad from SC A 
(smooth emitter-free surface) to SC B (textured  surface with parasit ic emitter) may  be caused by the 
texture induced surface enlargement and effects due to the parasitic rear side emitter, which will also be 
discussed in the microstructural analysis .  
2.4. Impact of the soldering pads on solar cell performance 
Fig. 1b displays the open-circuit voltage of Al-BSF Cz-Si solar cells with varying area fraction of the 
soldering pads. For the solar cells with the highest area fraction of soldering pads of fpad = 6.2 %, a drop in 
Voc of Voc = -6.7 mV is observed compared to solar cells with full area Al-BSF (fpad = 0 %).  
To showcase that the determined saturation current density Jo,pad matches the actual recombination 
induced by the soldering pads, the Al-BSF Cz-Si solar cells with varying area fraction of soldering pads 
are modeled analytically. The minority carrier diffusion length Ln is calculated from the bulk lifetime 
considering the intrinsic Auger-recombination via [10] and SRH-recombination caused by the 
well-known Cz-specific boron oxygen complex using the parameterization from Ref. [14]. Both effects 
depend on bulk resistivity. The effective diffusion length Leff is influenced by the diffusion length Ln and 
the rear surface recombination velocity Srear. With the saturation current densities Jo,bsf and Jo,pad 
determined in  the previous subsection, the surface recombination velocity can be calcu lated from the area 
weighted mean Jo,rear of the saturation current densities Jo,bsf and Jo,pad. Note that Srear is proportional to NA. 
The effective diffusion length is then given by [15] 
a) b)  
Fig. 1. a) Saturation current density Jo.bsf and Jo.pad for the highly Al-doped p+-region and the soldering pads, respectively, measured 
under low-level injection. SC A denotes a saw-damage-etched rear surface without emitter and SC B a textured rear surface with 
emitter. Shown are the mean values and the according standard deviations of four test samples. b) Open -circuit voltages of Cz-Si 
Al-BSF cells with varying area fraction of soldering pads. The values simulated by means of an analytical description of the open-
circuit voltage using the determined values for  Jo.bsf and Jo.pad (circles) correspond well to the measured values (squares). 
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The base dark saturation current density J0b is determined via  
 
 
as described in [15]. Since an increase in surface recombination velocity Srear leads to lower effective bu lk 
diffusion lengths Leff, the base dark saturation current density J0b increases. A constant emitter saturation 
current density of J0e = 360 fA/cm2 is assumed for the front side emitter including higher recombin ing 
areas under the front side metallization [16] with a typical metallization fraction of 7.5 %. Using the 
measured short circuit current density Jsc of the solar cells, the one-diode model leads to the following 
expression for the theoretical value of the open-circu it voltage of the Al-BSF solar cells, with the 
Boltzmann constant k , the elementary charge q  and the temperature T. 
The results for Voc,lim determined by Eq. (5) using the measured values for Jo,bsf  and Jo,pad are displayed 
in Fig. 1b (red circles). As can be seen, the simulated Voc,lim values match the actual open-circuit  voltages 
of the solar cells quite well. As the simulated values show a linear drop of the open-circuit voltage with 
the area fraction of the soldering pads in the investigated range of area fractions, it may be quantified 
from Fig. 1b as Voc  -0.8  fraction. The drop in the 
open-circuit voltage of the solar cells is even slightly higher, indicat ing that the recombination induced by 
the soldering pads may be even slightly h igher than suspected from the determined value Jo,pad. This 
difference may originate in effects of the assembly o f the higher and less recombin ing areas, which the 
area weighted mean of Jo,pad and Jo,bsf does not account for. Nevertheless, the saturation current density is 
sufficient to describe the experimental data for varying area fraction of soldering pads.  
3. Microstructural analysis  
For the microstructural analysis , the cross sections of the samples introduced in subsection 2.1 were 
investigated with scanning electron microscopy (SEM). 
Scanning electron microscopy is a common method to investigate Al-alloying on silicon surfaces. 
Since the detected signal increases with increasing doping concentration, Al-doped regions appear 
brighter than the silicon bulk. Krause et al. [1] presented a comprehensive microstructural analysis of A l-
alloyed contacts  using scanning electron microscopy. Besides the formation of Si lamellas in the eutectic 
Al/Si layer, the growth of pyramidal structures and self-assembled lines of those pyramidal structures  on 
Al-p+ surface was reported in their studies . These structures are assumed to be formed during the 
immediate solidificat ion of the liquid A l/Si phase when the eutectic point Teut,Al-Si = 577 °C in the cooling-
down phase of co-firing is reached [1]. An additional profound study by Bock et al. [17] came to the 
conclusion that these structures appear over Al inclusions lying 50 nm underneath the silicon surface.  
)3(.
tanh
tanh1
nn
rearn
nn
rearn
neff
L
W
D
SL
L
W
D
SL
LL
)4(
effA
n
0b
2
LN
Dqn
J i
)5(1ln
0e0b
sc
limoc, JJ
J
q
kTV
 Karin Krauß et al. /  Energy Procedia  38 ( 2013 )  760 – 769 765
3.1. Surfaces and cross-sections after metal etch-off 
In Fig. 2, a  sample with surface condition A which has been screen printed full area with Al-paste is 
shown after co-firing and HCl etching. The t ilted view on the surface in Fig. 2a can be d ivided in a left 
and a right side showing two different characteristics. On  the right hand side of the SEM -image, a typical 
structure of an  Al-p+ surface can  be seen, showing self-assembled  lines of pyramidal structures as 
reported in Refs. [1,17]. However, approaching the wafer edge on the left hand side, there is a remain ing 
smooth surface filled  with etch pits, that appeared after the HCl etch. A part ial spalling of the Al -paste 
near the wafer edge during co-firing was observed for these samples. In p laces, where Al spalled, no alloy 
was formed and a smooth surface remained. However, the irregular appearance of etch pits indicates, that 
in insular small areas Si was dissolved in liquid Al during the co-firing, forming a eutectic layer in these 
areas. After the removal of the eutectic layer and paste residuals those etch pits attest a partial Al-
alloying. Fig. 2b g ives a closer cross-sectional view at  one of the etch pits. Furthermore, a  p+-region with 
a thickness up to dp+ = 2 μm has been formed under this etch pit as can be seen in Fig  2b. The question 
arises if it is possible to induce Al-alloying from the Al share of 1-5 % wt. in the soldering pad paste 
during co-firing. In contrast to an Al-paste, there is the presence of silver in the paste, and maybe even 
changed amounts of chemical components, such as glass frit, in the paste, which may act as obstacles to 
Al-alloying.  
a) b) 
Fig. 2. SEM-images of a sample with surface condition A, screen printed with Al paste after co-firing and HCl etching. a) T ilted 
view on the Al-p+ surface under an angle of 34°. Near the wafer edge (left side) where Al spalled during co -firing planar surface 
remain and etch pits appear in between on the surface. Towards the wafer center (right side) where the Al contact formed well a 
typical p+-surface can be seen. b) In the cross-sectional view of the etch pit  region on a larger scale, an Al- p+-region with a 
thickness of dp+  2 μm can be seen underneath an etch pit . 
a) b) 
Fig. 3.  SEM-images of a sample screen printed with soldering pad paste after co-firing and HCl/HNO3 etching under an angle of 
34°. a) All over the surface etch pits are observed. b) The zoom shows an etch pit with typical characteristics of an Al-p+ surface. 
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In Fig. 3, SEM-images of a test sample with surface condition A which has been screen printed with 
soldering pad paste (fpad = 0 %) are shown after co-firing and HCl/HNO3 etching. As can be seen in 
Fig. 3a, etch pits similar to the ones in Fig 2 developed under spalled Al-paste are randomly d istributed 
over the surface. Nevertheless, the etch pits developing under the soldering  pad paste have about half the 
width of the ones which developed in areas of spalled A l paste. In a closer look, given in Fig. 3b, one can 
even see rudimentary traces of self-assembled line structures indicating possible Al-inclusions.  
Finally, Fig. 4 gives a cross-sectional view on samples with SC A (a-b) and SC B (c-d) which have 
been screen printed with soldering pad  paste the SEM-images taken after firing and HCl and HNO3 
etching. As can be seen in Fig. 4a, on the smooth SC A surface etch pits with a depth up to 2 μm are 
formed. In the zoom of the smaller etch pit shown in  Fig. 4b, a bright area can be seen in  the extension of 
the etch pit pointing towards a higher doping in this area. However, for the textured SC B surface shown 
in Fig. 4c, etch pits cannot be identified as clearly as for the SC A surface, since the SC B surface is still 
rather rough after Al-alloying. In fact, the SEM-image shows two edges, which seem to orig inate in the 
same point and may be remaining edges of two pyramids from the alkaline texture. However, zooming 
into the cross section in Fig.  4d, the surface on the right and left side of the inverted tip built by the two 
remain ing pyramid edges describes smooth concave lines. These concave structures are most likely the 
residuals of etch pits which formed on the tilted pyramid planes by etching off an eutectic layer near the 
pyramid surface as on the planar SC A surface. Underneath these concave structures, the SEM -image 
a) b) 
c) d) 
Fig. 4. SEM-images of the test samples cross sections after metal etch off. The two investigated samples were both screen printed 
with the soldering pad paste but distinguish themselves in the rear surface conditioning: (upper row, SC A) planar surface without 
emitter, (lower row, SC B) textured surface with emitter. (a) The surface of the SC A samples remains planar after alloying with 
some etch pits. (b) Zoom into a small etch pit  of the sample from (a) with SC A surface; which shows a 0.5 μm deep area with 
higher signal in its extension, which points towards Al-doping by the Al share in the soldering pad paste. (c) The surface of the 
SC B samples is rougher and has larger height differences after alloying than the surface of the SC B samples. Even a structure 
reminding on the edges of the random pyramids remains. (d) Where the sharp line of the cross section changes into a smoothly 
shaped line, a lit t le light shadow can be seen right under the surface, indicating a possible Al-doping.  
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exhibits a thin layer which appears brighter and thus represents a highly doped region, which supports the 
assumption that an alloying took place in those spots. 
Since the wafer temperature reached at maximum is below the melt ing point of silver 
Tmelt,Ag = 961.93 °C and below the eutectic point of an Ag/Si system Teut,Ag/Si = 835 °C [18], it is ensured 
that no liquid Ag/Si phase exists at any time during co-firing. However, there is the possibility of Ag 
dissolving in the liquid A l/Si phase, which is formed by melt ing of the Al-share in the soldering pad paste 
during co-firing. But due to the low solubility of Ag in liquid Al [19], the Ag content in the liquid Al/Si 
phase should be negligible. Thus, brighter areas under the silicon surface in  Fig. 4a-d  may  be assigned to 
Al-doping from the Al-share in the soldering pad paste.  
To sum up, the microstructural analysis showed that etch pits in the surface after HCl or HCl and 
HNO3, etching, respectively, originate from Al-alloying and the formation of a eutectic layer during co-
firing. Pyramidal structures typical for Al-p+ surfaces were observed in the etch pits as well. This leads to 
the conclusion, that an Al-alloying from the 1-5 % wt. Al-share in the soldering pad paste took place. 
4. Overcompensation of a residual phosphorous emitter under soldering pads 
Since the microstructural analysis in the previous section showed that the Al-alloying from the Al-
share in the soldering pad paste only occurs insularly, there is still a residual phosphorous  emitter under 
the soldering pads of Al-BSF cells if a p rocessing sequence without chemical edge isolation is used. In 
order to investigate the impact of this non-overcompensated rear-side emitter, we produced solar cells 
with and without residual rear side emitter using (i) the same soldering pad paste as above with a 
1-5 % wt. amount of A l (paste A) and (ii) an Al-free soldering pad paste (paste B). We varied the area 
fraction of soldering pads from 0.9 % to 5.5 % and furthermore applied full area screen print ing with both 
soldering pad pastes (area fraction of 100 %). For cells with full-area soldering pad with Al-free paste B, 
the open-circuit voltage decreases drastically from Voc = 603 mV without residual rear-side emitter to 
Voc  455 mV with residual rear-side emitter as can be seen in Fig. 5a. This huge voltage drop can be 
explained by the rear-side emitter which acts as a second diode connected to the p-n-junction in series and  
reversed to it. Thus, the drop in  open-circuit  voltage due to a rear-side emitter may  be caused to some 
a) b)  
Fig. 5 Performance results of Al-BSF cells with (solid symbols) and without (open crossed) rear side emitter and varying area 
fraction of the soldering pads, screen printed with paste A (black squares) and paste B (blue diamonds). a) The open-circuit voltage 
of the cells slightly decreases for all groups when increasing the area fraction of the soldering pads from 0.9  % to 5.5 % and drops  
drastically for a full area soldering pad, especially for cells with paste B (Al-free) and a rear side emitter. b) For cells with a full 
area soldering pad the series resistance increases. The strongest increase is found for paste B (Al-free) especially if the cells have 
no residual emitter on the rear side. 
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extent by the n-p- -circuit voltage on the rear side. However, for paste A (with 
1-5 % wt. Al share) the open-circuit  voltage only drops from Voc = 600 mV without residual rear-side 
emitter to Voc = 598 mV with residual rear side emitter, which is rather small.  
A further reason causing the difference in the behaviour of the Al-free and Al-containing soldering pad 
paste may be the quality of the contact formed  to the base. Fig. 5b shows the series resistance of the cells. 
While no significant differences between the two pastes can be seen for 0.9  % and 5.5 % area fraction of 
soldering pads, the series resistance for cells with fu ll area soldering pad increases dramat ically for past e 
B (Al-free), especially for cells without residual rear side emitter. This indicates an improved contact 
formation fo r paste A (Al-containing), which we ascribe to the partial Al-alloying from the Al share in the 
paste. To understand these differences in the contact resistance, the description of the back contact with a 
Schottky diode and a shunt resistance in parallel to the Schottky diode, as proposed by Green et al. [20] is 
helpful. For the improved contact quality of paste A compared to paste B, a lower shunt resistance, due to 
the partial Al-alloying may be the cause. For paste B on the other hand, spiking of silver may be 
determinant for a h igh shunt resistance in the back contact model, so that the overall contact resistance of 
the Schottky diode and the parallel shunt resistance increases resulting in an inferior contact quality 
compared to paste A. Since the influence of the Schottky diode on the contact resistance increases for 
paste B, a residual rear side emitter has beneficial effect  on the con tact quality due to the increased 
surface doping concentration, which leads to a decrease in the barrier height of the metal semiconductor 
system.   
5. Conclusion 
We measured the saturation current density Jo,pad at the silicon surface under soldering pads which 
amounts to 26.7 103 and 85.4 103 fA/cm2 depending on the surface conditions, which is 90 to 280 t imes 
higher than the saturation current density of Al-doped p+-regions. For Al-BSF cells with soldering pads 
up to an area fraction of 6.2 %, the effects on the open-circuit voltage induced by recombination 
underneath the soldering pads can be described sufficiently by the measured saturation current densities. 
Within a microstructural SEM analysis it has been found that the Al-alloying from the 1-5 % wt. A l-share 
in the soldering pad paste only occurs partially, which leads to regions with non-compensated residual 
rear-side emitter. 
In order to investigate how a non-overcompensated emitter under soldering pads behaves, solar cells 
with full area soldering pads with and without a rear-side emitter are produced. Using an Al-containing 
and an Al-free soldering pad paste for the full area metallizat ion, it is demonstrated that the partial A l-
alloying  from the A l-share in the soldering pad paste is able to overcompensate a rear-side emitter which 
is not the case for the A l-free soldering pad paste. Concerning both, overcompensation of the rear-side 
emitter and contact quality of cells with full area soldering pads , a different behavior is observed for Al-
free and Al-containing soldering pad pastes, which will be further investigated. 
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